The S1 genome segment of avian reovirus strain S1133 was cloned and completely sequenced. The sequence comprised 1636bp with three distinct open reading frames (ORFs), suggesting the gene was polycistronic in nature. The three ORFs from 5' to 3' were predicted to encode polypeptides of 9"8, 3"8 and 34.9 kDa, respectively. Of the three ORFs, only the third possessed the AUG initiation codon in an optimum context for translation. The third ORF-encoded protein, 326 amino acids in length, was expressed in Escherichia coli and used as antigen in immunoblots. The protein was concluded to be a 3 on the basis of its recognition by a chicken anti-reovirus antiserum and due to the fact that a mouse antiserum raised against it recognized specifically the viral a3 polypeptide. Sequence comparison of the avian reovirus S 1 gene with its mammalian counterpart did not show any significant similarity between the two. However, amino acid sequence analysis and the predicted existence of a heptapeptide repeat pattern, as well as the relatively high frequency of or-helix structures in the amino terminal portion of a3 suggests that this protein is structurally, and probably functionally, related to mammalian reovirus a 1 protein.
Avian reovirus is an important poultry pathogen involved in leg weakness-related problems such as viral arthritis and tendosynovitis (Robertson & Wilcox, 1986) . The virus belongs to the genus Orthoreovirus, together with mammalian reovirus; they share several physicochemical and morphological characteristics including a dsRNA genome consisting of 10 segments, packaged into a non-enveloped icosahedral double capsid (Spandidos & Graham, 1976; Schnitzer et al., 1982; Joklik, 1983) . The genomic segments can be separated by PAGE into three size classes: large (L1, L2, L3), medium (M1, M2, M3) and small (S1, $2, $3, $4). Despite these similarities, avian reovirus differs from its mammalian counterpart in its lack of haemagglutination activity (Glass et al., 1973) , its ability to induce cell fusion (Wilcox & Compans, 1982) and its association with naturally occurring pathological conditions in chickens (Robertson & Wilcox, 1986) .
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The nucleotide sequence data for the S 1 gene of avian reovirus S 1133 have been submitted to the GenBank database and assigned the accession number L39002. tensively studied, there is little information concerning the molecular biology of avian reovirus. Recent investigations (Ni et al., 1993; Varela & Benavente, 1994) showed that the avian reovirus genome encodes 10 proteins (21,) ~2, 23, ~tl, la2, ~tNS, al, a2, aNS and a3) , each of which is translated from a different genomic segment (Varela & Benavente, 1994) . There is a good correlation between the sizes of the proteins observed in SDS-PAGE and the lengths of the corresponding genes for nine out of 10 viral proteins. However, the smallest protein, a3, is encoded by the largest of the small class genomic segments, the S1 gene. This protein, also known as aC, is a minor component of the outer capsid (Schnitzer et al., 1982) and is the target for type-specific neutralizing antibodies (Wickramasinghe et al., 1993) . The protein appears to be analogous to mammalian reovirus al protein which has been identified as the virus attachment protein and a haemagglutinin (Schiff & Fields, 1990) .
The aim of the present study was to extend the available information on the avian reovirus S1 gene and its encoded a 3 protein. As a first step in addressing this objective, the S1 genome segment of the Sl133 strain of avian reovirus was cloned, sequenced, expressed in Escherichia coli and its sequence compared to that of the S1 gene of mammalian reovirus.
0001-3044 © 1995 SGM A vaccine strain of avian reovirus Sl133 (Vineland Laboratories) was adapted for growth in Vero cells and purified as described previously (Wickramasinghe et al., 1993) . Genomic dsRNA was extracted from the purified virus particles by 1% SDS and 10 lag/ml proteinase K at 37 °C for 3 h. After phenol-chloroform extraction and precipitation with ammonium acetate and ethanol, the dsRNA was passed through a Sepharose CL-4B column (Pharmacia). Genomic dsRNA segments were then separated in a 0-8 % agarose gel and the S1 segment was eluted with an RNaid kit (Bio 101). For synthesis of cDNA, the 3' terminus of both the plus and minus strands of the purified S1 dsRNA was first polyadenylated as described (Cashdollar et al., 1982) . The polyadenylated dsRNA was denatured in 100 mM-methylmercury hydroxide at 37 °C and first strand synthesis of the cDNA was performed using an RNAtag primer, an adaptor primer having a poly(T) tail [GGGTCTAGA-GCTCGAG(T)17 ] and SuperScript reverse transcriptase (Gibco BRL). After hybridization of complementary strands, the synthesized cDNA was repaired with the Klenow fragment of DNA polymerase I (Pharmacia), amplified by PCR using a primer identical to RNAtag, but without the poly(T) tail and cloned into the pCRII cloning vector (Invitrogen) according to the manufacturer's protocol. Sequencing of the recombinant plasmid was carried out by a modification of the method of Sanger et al. (1977) , using T7 DNA polymerase (Pharmacia) in an Automated Laser Fluorescent DNA sequence analyser (Pharmacia). The nucleotide sequence of the S1 gene was analysed and compared with those of mammalian reovirus serotypes 1, 2 and 3 (ST1, ST2, ST3) (Duncan et al., 1990) , using the DNAsis/prosis program (Hitachi).
The largest clone of the S1 gene (S1-26) was a sequence of 1505 bp and contained three open reading frames (ORFs) on one of the strands. The ORFcontaining strand was considered as the plus strand; the other strand did not code for any protein. The first ORF extended from the first ATG at position 19 to position 262 and the second ORF started at position 286 and terminated at position 379. However, the third ORF, starting with the ATG at position 622, was found to be incomplete because of its lack of an in-frame stop codon. In order to complete the sequence of the third ORF and to determine the sequence of the 3' untranslated region (UTR) of the gene, an oligonucleotide primer (5' CCGCGAGTCATGGTCTATCTC 3') was designed based on the sequence of the S1-26 clone. It was used with the RNAtag primer in rapid amplification of cDNA ends (RACE; Frohman et a/.,1988) . This resulted in the amplification of a 585 bp fragment which was cloned in the pCRII vector and sequenced. The fragment showed 421 overlapping nucleotides with the S1-26 clone and contained a stop codon for the third ORF at position 1600. The 3' UTR of the S1 gene after the third ORF was 34 bp long. Based on the S 1-26 clone and the sequence generated by means of 3' RACE, the complete nucleotide sequence of the S1 segment was determined to be 1636 bp long. A full-length copy was then obtained by reverse transcription and PCR amplification of viral genomic RNA as described previously (Wilde et al., 1990) . For this purpose two primers corresponding to the 5' (5' GCCGGAATTCTCAATCCCTTGTTCGTCG 3') and 3' (5' GCCGGAATTCGGATGAATAACCAA-TCCCAG 3') termini of the gene were synthesized and used. Nucleotide analysis of this full-length copy of the gene confirmed the sequences obtained from clone S1-26 and RACE. Comparison of the S1 gene sequence of avian reovirus strain S1133 with that of the S1 gene from mammalian reovirus ST1, ST2 and ST3 did not reveal any significant similarity (data not shown).
The deduced amino acid sequence from the S1 cDNA indicated that three polypeptides of 9"8, 3"8 and 34.9 kDa (a 3) were probably encoded by the first, second and third ORFs, respectively. To confirm that the third ORF coded for a3, the protein was expressed as a fusion protein in E. coli and used in immunological assays. For this purpose the oligonucleotides 5' GCCGGAATTCA-TGGCGGGTCTCAATCCATCG 3' (forward) and 5' GCCGGAATTCGGATGAATAACCAATCCCAG 3' (reverse) were used for PCR amplification. The PCRamplified fragment was ligated into the pMAL-c2 expression vector (New England Biolabs) and subsequently used to transform E. coli DH5~. Recombinant clones were screened and a positive clone was selected for large-scale production and purification of the fusion protein following the manufacturer's protocol.
Analysis of transformed and expression-induced bacteria by SDS-PAGE revealed the presence of a protein of approximately 77 kDa (Fig. 1 a) , which was consistent with the expected size of the fusion protein. The expressed fusion protein was then analysed by immunoblotting with antiserum from chickens vaccinated with S1133 virus. As demonstrated in Fig. 1 (b) , the protein reacted specifically with the antiserum, although some other bands migrating faster than the fusion protein were also present. These bands were probably generated as a result of the degradation of the fusion protein. Specific antiserum to the fusion protein was then produced by subcutaneous immunization of 6-week-old BALB/c mice with 50 ~tg of the purified fusion protein (Fig. 2 suspended in Freund's complete or incomplete adjuvant. The mice were bled after the third immunization and the antisera were tested by ELISA and immunoblotting using purified S 1133 virus, and in an immunofluorescence assay using infected Vero cells (Wickramasinghe et al., 1993) . The mouse antiserum was positive in ELISA and in the immunofluorescence assay; in immunoblotting it reacted specifically against the viral a3 polypeptide with an approximate molecular mass of 33 kDa (Fig. 3) . The mouse pre-immune serum did not react with the viral antigens in any test (data not shown). These results confirmed that a3 protein is encoded by the third ORF. The predicted amino acid sequence of a 3, comprising 326 residues, showed that it is a slightly acidic protein with a mainly hydrophilic C terminus and no clear characteristics of hydrophobicity in the N terminus. The possible secondary structure of a3 protein has the following features: 18.7 % of the residues are in the form of e-helices, 54.2 % are in the form offl-sheets, 0.02 % are within turns and 23.6 % are in random coils. The ehelices are not uniformly distributed and about 65 % of them are in the N-terminal half of the molecule. The protein contains several potential glycosylation and phosphorylation sites but so far there is no evidence to show that in a3 these sites are used. Alignment o f the predicted sequence o f avian reovirus a 3 protein with that of a 1 protein from the three serotypes of mammalian reovirus resulted in non-significant values of 17.2%, 17.5 % and 13.5 % amino acid similarity, respectively. Examination o f the amino acid sequence of a3 revealed the presence of a heptapeptide repeat pattern (ab-c-d-e-f-g), previously reported for mammalian a l proteins (Bassel-Duby et aI., 1985; Furlong et al., 1988 ; D u n c a n et al ., 1990) , between amino acids 16 and 155 (Table 1) . Computer analysis of ~r3 secondary structure also showed that this area, as in a 1 (Duncan et al., 1990) , contains relatively more a-helix structures than the Cterminal region. The heptapeptide repeat and the presence of hydrophobic amino acids at positions a and d have been associated with a specific configuration, the coiled-coil structure, in which the a-helices are w o u n d around each other (McLachlan & Stewart, 1975) . This structural feature was shown to be responsible for oligomerization and incorporation of a l protein into virions (Leone et al., 1991a, b) . The presence o f this pattern in a3, apart from the structural similarity with a 1 proteins, also suggests an oligomer form for this protein. The finding that a3 and a l share structural similarities indicates the possibility that these proteins have a similar localization in the virion and a similar function in virus-host cells interaction. So far, the function of avian reovirus a3 protein has not been studied and so it remains to be determined whether it has the ability for cell attachment. The current work has suggested a polycistronic nature for the S1 gene segment of avian reovirus, with the translation of a3 protein from the third ORF, located close to the 3' end of the gene. The discovery o f more than one O R F in the S1 gene sequence explains previous observations (Schnitzer, 1985; Varela & Benavente, 1994) that the small size o f a3 did not correlate with a full-length translation o f the genomic segment. Polycistronic genomic d s R N A segments which code for more than one protein have been identified in other members of the Reoviridae family (Nagata et al., 1984; Ernst & Shatkin, 1985; Mitchell & Both, 1988; Mattion et al., 1991) . Translation of polycistronic eukaryotic m R N A s has been hypothesized to occur by two mechanisms: first, ribosomes can terminate translation at an upstream O R F and then resume scanning and reinitiate translation at the downstream O R F (reinitiation mechanism; Liu et al., 1984; Hughes et al., 1984) ; second, ribosomes could skip an upstream AUG which is in a weak context and initiate at a downstream AUG (leaky scanning mechanism; Kozak, 1982) .
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Our results have shown that the AUG start codon for the third ORF is flanked by sequences (G at position -3 and G at + 4) that have been associated with efficient translation initiation. In contrast, the first and second initiation codons occur within a weak context (U at position -3 and C at +4 for the first AUG, A at position -3 and C at +4 for the second AUG). This means that, based on the leaky scanning model, o-3 protein can be translated from the polycistronic S1 mRNA. However, the possibility that translation of o-3 occurs by a reinitiation mechanism cannot be excluded at this stage. A feature of the avian reovirus S1 segment which differs from other polycistronic dsRNA segments in reoviruses is that the ORFs do not overlap and they are completely separated by 5' and 3' UTRs; in the case of the third ORF the 5' UTR consists of 240 bp. As a result, it is also possible that some internal sequence of the 5' UTR can mediate internal initiation for translation of a3, as demonstrated for picornavirus mRNAs (Jang et al., 1988; Pelletier & Sonenberg, 1988) . This hypothesis can be tested by evaluating the effect of partial deletion of the 5' UTR on the translation of a 3.
Although we showed that the S1 segment of avian reovirus is structurally polycistronic, there is so far no evidence that it is also functionally polycistronic. The fact that the first and second AUG start codons have a weak sequence motif for translation suggests that initiation of translation at these sites might not be optimum. This is in accordance with the experimental in vitro translations of S1 mRNA which resulted in the detection of only o-3 (Schnitzer, 1985; Varela & Benavente, 1994) . However, to determine whether any protein is translated from these ORFs, assays such as radioimmunoprecipitation using the antisera raised against proteins encoded by these ORFs would have to be performed.
